Introduction
Thin films are the basis for a large number of technologies and are one of the most important tools for the preparation of many different types of electronics components. Analysis of the growth and characterization of thin films is an important subject for basic as well as applied research. Important properties of thin films are strongly affected by technology of their fabrication. Therefore great effort is paid to analysis of processes of thin film fabrication.
A number of different types of fabrication processes for thin film coatings are being intensively studied. The number of types of these processes is very high. Processes based on physical vapor deposition (PVD) as well as processes based on chemical vapor deposition (CVD) belong to them.
Basic types of PVD processes are vacuum evaporation and vacuum sputtering. Evaporation is used for fabrication of films, whose density is comparable with the density of balk of evaporated material, whereas sputtering is often used for fabrication of low density films. Physical properties of evaporated and sputtered films differ, especially as for their mechanical properties.
Evaporation is not a new technology. There are many modifications of this process, which is contemporary used in many different applications. The goal of the paper is to describe the process of evaporation of thin Ni films using a mathematical model with sufficient accuracy.
There are different ways how to find a mathematical model of a technological process. With respect to our experience in the field of DOE this method has been chosen.
Evaporation and measurement of thin films
Mathematical model of evaporation has been searched with the aim to optimize the process of fabrication of Ni resistors. Ni (99.99) has been evaporated on glass substrates. Topology of the resistors is shown in Fig. 1 , four resistors have been fabricated on one substrate.
Thin films are evaporated at the pressure of 10 mPa or lower. The lower is the pressure; the higher is quality of fabricated films. Evaporation equipment has been pumped by two rotary pumps and one diffusion pump. Evaporation has been carried out at the pressure of 2 mPa. The schematic diagram of this equipment is shown in Fig. 2 .
Two parameters of fabricated films have been investigated:
• The film thickness.
• The resistance of the resistors.
These parameters have been optimized depending on following parameters of the technological process:
• The mass of the evaporated material.
• The pressure.
• The temperature of the substrate.
Every technological parameter (technological factor) has bee used at two levels (see Tab. The thickness of the films has been measured by the use of Talystep (Taylor Hobson, type EP 43, see Fig. 3 ), the equipment has been completed by a program for automatic evaluation of measured thickness. The resistance of the resistors has been measured using HP 34401A Multimeter (Hewlett Packard). Tungsten test prods have been used for the measurement of the resistors.
The total number of the measured resistors has been 96 for every combination of technological factors and their levels.
Design of Experiments
A full plan of experiments of the type 2 3 has been chosen for design of a mathematical model of the process [1] , [2] . The schematic diagram of this type of experiments is shown in Tab. 2. 
First estimations of influences of factors and their interactions have been calculated. Following formulas have been chosen for calculations:
Calculated values of the test characteristics F A , F B , …, F ABC have been compared with the value of F α (1, ν) quantil, which has been found in statistical tables. If the value of calculated F-characteristic has been higher than the value of the quantil, the parameter (or interaction of parameters), for which this test value has been calculated, has been involved into the mathematical model of the evaporation process. If the value of the test characteristic has been lower, the parameter (or interaction) has not been involved into the model.
The coefficients of the model have been calculated using the formulas: The mathematical model has been of a following structure: Tab. 2 Table of 
A combined one for calculation of d (nm):
A contracted one for calculation of d (nm): 
Quality of these models has been tested using the Ftest.
Contraction of the model has been carried out according to the results of the statistical testing. Significance of influence of factors and interactions has been tested.
Quality of the models has been tested using the F-test. The profiles of the models have been simulated using Matlab [3] . Two examples of these simulations are presented in following figures.
Accuracy of the models
Accuracy is the basic property of the model. Therefore accuracy of every model has been investigated such the way that complementary experiments have been carried out inside the area of binding limits. Measured values of the thickness and resistances of every film have been compared with the values calculated of the models. The results have been as follows: the maximum difference between the value of the thickness of the evaporated film and the value calculated of the model has been up to 15 % for the linear model, up to 5 % for the contracted model and lower than 2 % for the combined model. The maximum difference between the value of the resistance of evaporated film and the value calculated of the model has been 2,5 % for the contracted model and lower than 1 % the combined model. The linear model has not passed the F-test.
Conclusions
DOE has been used for formation of mathematic models for calculation of the thickness and the resistance of evaporated Ni films. Three types of the models have been calculated: the linear one, the combined one and the contracted one. All models have been constructed over the same measured data. The best results have been obtained by the use of combined models. Differences of the values of thickness and the resistance calculated of the models and measured on fabricated layers have been lower than 2 %.
It has been found that DOE is an efficient method for simulation of technological processes. Fig. 4 Resistance of the evaporated film as a function of the temperature t and mass m of the evaporated material calculated using the linear (bottom) and combined (top) mathematical models for the pressure of 2.5 mPa Fig. 4 Thickness of the evaporated film as a function of the temperature t and mass m of the evaporated material calculated using the linear (bottom) and combined (top) mathematical models for the pressure of 2.5 mPa
